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ABSTRACT 

 
The main concern of engineers who prepare concrete specifications for a particular application is to predict the 

deteriorative exposures that could cause concrete degradation over its intended service life. A durable concrete 

is able to resist destructive environmental conditions, without requiring excessive maintenance. Durability of 

cementitious materials largely depends on the possibilities of penetration of hazardous ions into the porous 

material with water as medium. Therefore, the water permeability of cementitious materials is related to its 

durability. Permeability and porosity should not instinctively be regarded as manifestations of the same 

phenomenon. Usually, when permeability increases, porosity increases as well. The connectivity of pore 

network exerts an important control on preferential flow into cementitious materials. This work presents results 

of quantitative evaluation of permeability and pore connectivity of Portland cement concretes. Two concrete 

mixture proportions with limestone and gneiss as coarse aggregate were produced. A modified polycarboxyl 

ether plasticizer GLENIUM 51 was added to one of the concrete mixtures in order to reduce the water content. 
Permeability tests were performed on all the specimens and a geometric modeling considering pore with 

cylindrical shape was applied in order to evaluate the pore network connectivity. The results showed that pore 

structure connectivity of concrete with plasticizer admixture decreased. The purpose of this research is to 

expand the knowledge concerning concrete durability and to provide the technical requirements related to the 

production the Brazilian near-surface repository of radioactive wastes.  

 

 

1. INTRODUCTION 

 

A durable concrete is capable to resist destructive environmental conditions, without 

requiring excessive cost of maintenance and repair because of degradation. Nowadays the 

main concern of engineers, who prepare the concrete specifications for a particular 

application, is to predict the exposures that could cause the concrete degradation and can lead 

to a reduction in the service life. It must be emphasized that durability is not an intrinsic 

property of concrete. 
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Therefore, a concrete that would be not influenced to the effects of freezing and thawing has 

no “higher quality’’ than another that has no ability to resist to freezing and thawing 

degradation, if it is will be used where it can never freeze in a critically water-saturated 

condition [1]. Durability of cementitious materials largely depends on the possibilities of 

penetration of “hazardous ions” into the porous material with water as medium. It may be 

stated that water permeability of cementitious materials is closely related to its durability [2]. 

To achieve high durability, concrete requires a high degree of impermeability. Therefore, a 

decrease transport rates for both water and “hazardous ions” in the concrete will improve 

potential durability [3]. 

 

Permeability, defined as the movement of fluid through a porous medium under an applied 

pressure head, is the most important property of concrete governing its long-term durability. 

Permeability of concrete is influenced by its porosity and interconnectivity of pores in the 

cement paste, and microcracks especially at the interface between paste and aggregate. 

Porosity and interconnectivity are mainly controlled by the water/cement ratio (w/c), degree 

of hydration, and the degree of compaction [4]. Indeed, fluid flow through porous medium is 

affected to various degrees by a vast number of scale-invariant factors (e.g., normalized 

moments of the pore size and pore-length distributions, pore aspect ratio, relative pore-wall 

roughness, and so forth). To identify major factors and their functional form in a permeability 

model is a challenging task [5]. Permeability and porosity should not instinctively be 

regarded as manifestations of the same phenomenon. As a general rule, when permeability 

increases, porosity increases as well [6]. Deterioration, such as corrosion of reinforcing steel 

and sulfate attack, occurs when water and ions are able to penetrate into the interior of 

concrete. This penetration happens when interconnections between isolated microcracks, 

visible cracks, and pores develop [7]. 

 

This study aimed to characterize the permeability and pore network connectivity in normal 

strength Portland cement concrete formulations, containing different percentage of plasticizer 

admixture. To achieve this objective, water permeability tests were performed on all the 

concrete specimens. Also, a geometric modeling for evaluating the connectivity by pores 

volume, considering pore with cylindrical shape [8, 9], was applied. This study adds 

important data to existing information on permeability and pore network connectivity of 

Portland cement concretes and it is part of a wider research study, designed to understand and 

provide technical requirements related to the construction of the Brazilian near-surface 

repository of radioactive wastes.   

 

 

2. EXPERIMENTAL 

 

2.1. Materials 

 

For the study, two concrete mixtures were prepared with characteristic compressive strength 

fck at 28 days of 35 MPa, containing river sand with fineness modulus of 2.29 as fine 

aggregate, and 9.5 mm maximum sized limestone and 19 mm maximum sized gneiss as 

coarse aggregate. Brazilian Portland cement CP III-40-RS, equivalent to ASTM Type IS 

(MS), was used as binder. A modified polycarboxyl ether plasticizer GLENIUM 51 was 

added to one of the mixtures in order to reduce the water content. The mix proportions of 

concretes were determined to achieve a slump flow of 100±20 mm. The 100x200 mm test 

cylindrical specimens were cast according to the NBR-5738 Brazilian Standard Test Method 
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[10]. Twenty-four hours after casting the specimens were demolded and stored in humidity 

chamber for 28 days. Table 1 gives the mixture proportions of both concretes. 

 

Table 1:  Compositions of concrete mixtures. 

 

 M1 M2 

Cement (kg/m
3
) 446 446 

River sand (kg/m
3
) 697 697 

Limestone coarse aggregate (kg/m
3
) 317 317 

Gneiss coarse aggregate (kg/m
3
) 739 739 

Tap water (kg/m
3
) 205 123 

Plasticizer (kg/m
3
) - 2.68 

Water/cement ratio 0.47 0.28 

 

 

2.2. Tests 

 

The water permeability tests were performed using the GWT-German Water permeation Test 

equipment (by German Instruments S/A). The general principle of the test is to carry out a 

continuous water flow through the sample under steady conditions. The GWT test specimens 

were 3 cm thick disks sawed from the 100x200 mm test concrete cylinder specimens, and 

they were put to a selected test pressure of 0.16 bar. The GWT equipment and one disk test 

specimen are presented in Fig. 1. 

 

 

  
(a) (b) 

Figure 1:  (a) GWT equipment; (b) 3 cm thick disk test specimen. 

 

 

The nitrogen sorption tests were performed using the NOVA-2200 equipment (by 

Quantachrome Corporation). The tests samples were some ground mortar chunks, broken 

from near the surface of the concrete cylinder test specimens, outgassed at 120°C for 12 h. 

One ground mortar chunk sample picture is presented in Fig. 2. 

 

 



INAC 2017, Belo Horizonte, MG, Brazil. 

 

 

 
 

Figure 2:  One ground mortar chunk, broken from near the surface of the concrete 

cylinder test specimen. 

 

 

3. RESULTS AND DISCUSSION 

 

Statistical analysis of the results, for =0.05 (significance level), of water permeability 

determined from tests is presented in Table 2. The n-1 degrees of freedom employed to obtain 

the confidence interval of the population mean (µ) of the results were 14. We observed no 

difference among both concrete mixtures results. The addition of plasticizer to the M2 

concrete mixture seems to have no influence into water permeability under pressure 

whatsoever, compared to mixture M1. 

 

Considering only cement paste of the concrete, under certain experimental conditions 

permeability to water obeys Darcy's law (Equation 1). 

 
  

  
     

  

 
                                                                (1) 

 

where dq/dt is the flow in m
3
.s

-1
, K is the permeability in m.s

-1
, A is the cross-sectional area 

in m
2
,  h is the head of water in m, and   is the thickness of the specimen in meters. K 

depends on the viscosity of the liquid, the temperature and the properties of the material. 

Important conditions to be considered are that the sample is completely saturated, steady flow 

is maintained, and osmotic effects, such as might be caused by concentration gradients in 

dissolved ions, are absent. A high proportion of the flow appears to be through pores wider 

than about 100 nm. Therefore, permeability is directly related to the capillary pores. Indeed, 

the permeability to water of the capillary pores of the cement paste is 20 to 100 orders of 

magnitude greater than gel pores one [11, 12]. We concluded that capillary porous medium in 

the cement paste of the concrete did not have its network connectivity altered by the 

plasticizer addition for the concrete mixture M2, keeping the same structure of mixture M1. 

 

 

Table 2:  Water permeability under pressure test 

 

 Flow “K” (mm.s
-1

) 

 M1 M2 

 1.128E-06 < µ < 1.140E-06 1.128E-06 < µ < 1.140E-06 
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Statistical analysis of the results, for =0.05 (significance level), of specific pore surface area 

(Sg), and specific pore volume (Vg), determined from nitrogen sorption tests, and skeleton 

density (E), determined from helium picnometry tests, are presented in Table 3. Statistical 

analysis of the results, for =0.05 (significance level), of envelope density (EV), porosity 

(Po), median cylindrical pore diameter, equivalent to volume and surface area of the pore 

structure (D), and pore connectivity (Cv), determined from a computational modeling 

developed in previous relevant works [8, 9], are presented in Table 4. The n-1 degrees of 

freedom employed to obtain the confidence interval of the population mean (µ) were 14. 

 

The median cylindrical pore diameter, equivalent to volume and surface area of the pore 

structure, D, is calculated according to the stereological relationship (Equation 2) [13]. 

 

  
   

  
                                                                (2) 

 

Table 3:  Specific pore surface area, specific pore volume, and skeleton density results. 

 

Mixture Sg (cm2/g) Vg (cm3/g) E (g/cm3) 

M1 14.310 < µ < 14.640 0.060 < µ < 0.062 2.678 < µ < 2.708 

M2 11.888 < µ < 12.272 0.050 < µ < 0.052 2.656 < µ < 2.660 

 

 

Table 4:  Envelope density, porosity, median cylindrical pore diameter equivalent to 

volume and surface area of the pore structure, and pore connectivity results. 

 

 EV (g/cm3) Po (%) D (m) Cv for K1 = 4 (cm3) 

M1 2.300 < µ < 2.326 14.108 < µ < 14.110 1.665E-08 < µ < 1.707E-08 13.253E+15 < µ < 14.000E+15 

M2 2.333 < µ < 2.349 11.169 < µ < 11.627 1.682E-08 < µ < 1.696E-08 10.324E+15 < µ < 10.676E+15 

 

 

The computer generated Pore Connectivity vs. Average Pore Coordination Number curves, 

for one specimen of the concrete mixtures M1 (red line) and M2 (blue line), are presented in 

Fig. 3. On the center of Fig. 3 there are the Sg, Vg, E, EV, Po, and D data. On the bottom of 

the Fig. 3 there is a visualization of circles, representing the median cylindrical pore 

diameter, equivalent to volume and surface area of the pore structure. 

 

The Sg, Vg, and Po results revealed a decreasing trend for mixture M2, compared to M1. The 

mixture M2 results decreased 16.5%, 16.4%, and 19.2%, respectively. The incorporation of a 

plasticizer is essential for maintaining high workability [14]. We inferred that the plasticizer 

improved the compactness of mixture M2. As regards porosity, according to Bensted and 

Munn [6] permeability “may rise” whilst porosity falls, or vice versa, and each situation 

needs to be treated on its own merits. As can be seen in Table 2 and Table 4, the porosity 

decreased while permeability remained constant.  

 

The D results didn’t reveal any difference between M1 and M2 mixtures. In this regard, the 

examination of the Equation 2 shows that D decreases when Sg values increase or Vg values 

drop. For the test results the Vg/Sg rate is almost the same for both concrete mixtures.   
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The Cv results revealed the lowest values for the mixture M2. The mixture M2 results 

decreased 22.9%, compared to the mixture M1. It is a remarkable result because the only 

difference between both concrete mixtures is the chemical admixture in one of them. The 

implication of it is the evolution of concrete industry with Portland cement. It should be 

stated that the developed software predict a saturation from coordination number (nodes with 

different number of branches), K1, 4. Also, the geometric modeling is valuable to compare 

different materials. 

 

 

 

 
 

Figure 3:  Computer generated Pore Connectivity vs. Average Pore Coordination 

Number curves, for concrete specimen of M1 (red line) and M2 (blue line) mixtures. 

 

 

4. CONCLUSIONS  

 

The results obtained showed no difference between water permeability for both concrete 

mixtures, M1 and M2. We concluded that capillary porous medium in the cement paste of the 

concrete did not have its network connectivity altered by the plasticizer addition for the M2 

concrete mixture. The results showed that the specific pore surface area (Sg), specific pore 

volume (Vg), and porosity (Po), decreased 16.5%, 16.4%, and 19.2%, respectively, for the 
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concrete mixture M2. The results also showed that pore structure connectivity (Cv) of 

concrete with plasticizer admixture, M2, decreased 22.9% compared to mixture M1. It is a 

remarkable result because the only difference between both M1 and M2 mixtures is the 

chemical admixture of one of them. The implication of it is the evolution of the concrete 

industry with Portland cement. It should be stated that the developed software predict a 

saturation from coordination number (nodes with different number of branches), K1, 4. Also, 

the geometric modeling is satisfactory to compare different materials.  
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